Summary.
The Tomes' processes of ameloblasts in the kitten were examined with both transmission and scanning electron microscopes and their three-dimensional structure demonstrated.
In general, Tomes' process can be envisaged as the upper part of a diagonally cut column.
It was established that the flat crescent face of the process which is slanted cervically, is the secretory surface (S-face) and the curved crescent surface which is cuspally directed, is the nonsecretory surface (N-face).
The cervical border of the Sface is confluent with the free apical surfaces of cervically adjacent ameloblasts.
Only the S-face and the adjoining small part of the next ameloblasts produce enamel and arrange crystallites into prisms as evidenced by the perpendicular orientation of crystallites to the S-face of Tomes' process and the free ameloblast surface. Crystallite arrangement within prisms and prism arrangement within enamel are determined by the three-dimensional morphology of the Tomes' processes. The processes are schematically represented and their relationship to other ultrastructural features as seen in sections is discussed.
The pattern of cross-sectioned enamel prisms varies from species to species of mammals, a property which has been used as a taxonomic criterion (SHOBUZAWA, 1952; FUJITA, 1957; BOYDE, 1965 BOYDE, , 1971 POOLE, 1971) . Prism orientation in enamel is closely related to the shape and orientation of the apical processes of the ameloblasts, the Tomes' processes which lie directly below the layer of developing enamel. BOYDE (1967) characterized the relationship by saying that prism orientation represents the fossilized path traced by the Tomes' processes during enamel secretion.
Each prism is composed of closely packed apatite crystallites with a certain regular arrangement.
This arrangement has been investigated with X-ray diffraction methods (BALE et al., 1934; POOLE and BROOKS, 1961) and with the light microscope, particularly by using polarized light (SCHMIDT, 1937; LYON and DARLING, 1957) . Since GEROULD (1944) examined tooth enamel in silicate replicas and FEARNHEAD (1960) studied ultrathin enamel sections electron microscopically, this subject has attracted the interest of numerous investigators, particularly those working with electron microscopes (LENZ, 1958; FRANK and SOGNNAES, 1960; RONNHOLM, 1962; HELMCKE et al., 1963; MECKEL et al., 1965a, b; BOYDE, 1967; HELMCKE, 1967; KIRINO et al., 1972; WEBER and CLICK, 1975) . 285 Some of these reports schematically represent crystallite arrangement in prisms (POOLE and BROOKS, 1961; BOYDE 1965 BOYDE , 1967 . Above all, BOYDE (1965 attempted to illustrate the relationship between the Tomes' processes and the orientation of crystallites in a prism. He proposed a factor controling crystallite arrangement: the crystallites tend to be oriented perpendicular to the mineralizing front. This is a very useful approach.
However, crystallites in prisms do not always appear oriented perpendicular to the membrane of the Tomes' processes, especially in the tail region of keyhole-shaped prisms. BOYDE (1965) interpreted this to be the result of the "stroking effect" exerted by the ameloblasts that move from the dentine-enamel junction to the future enamel surface.
It is necessary to demonstrate precisely the three dimensional structure of Tomes' processes in order to substantiate BOYDE'S interpretation and to understand amelogenesis from this point of view (KALLENBACH, 1977) . With this in mind, BOYDE (1967) and KALLENBACH (1977) attempted to reconstruct the three-dimensional aspect of Tomes' processes from extremely obliquely sectioned material for electron microscopy.
SKOBE recently demonstrated Tomes' processes in the rat (1976) and the monkey (1977) with the scanning electron microscope. These studies, however, did not reveal the relationship between crystallite appearence in various prism sections and the shape of the processes producing enamel.
The aim of the present investigation was to examine Tomes' processes with the aid of both transmission and scanning electron microscopy in order to better understand the shape of the process as it relates to the arrangement of crystallites in enamel prisms. The kitten was selected as the material because amelogenesis in this species is similar to that in man (ALLAN, 1967; FRANK and NALBANDIAN, 1967; KALLENBACH, 1977) .
MATERIAL AND METHODS
Two kittens aged two months were uesd for this study. They were perfused with a 0.1M phosphate buffered solution of 2% paraformaldehyde and 1.25% glutaraldehyde at a pH of 7.3. The jaws were removed and immersed in the same fixative overnight. Permanent tooth germs were dissected out and half of them demineralized in 1-ascorbic acid (DIETRICH and FONTAINE, 1975 ) for a week.
For transmission electron microscopy, tooth germs were postfixed in O5O4, dehydrated in ethanol and embedded in Epon 812 or Spurr's resin. Ultrathin sections were prepared with glass knives and examined in a Hitachi HS-11D at 75kV.
For scanning electron microscopy, the enamel organ was gently torn from the developing enamel surface either in buffer solution prior to osmification or in 70% ethanol subsequent to osmification (SKOBE, 1976 (SKOBE, , 1977 . The soft tissues were dehydrated in acetone, transferred to isoamyl acetate and dried by the critical point method.
The specimens were scanned in a Hitachi SSM-2 or S-430 at 20kV.
RESULTS

Light and transmission electron microscopy
Figures 1a and b, both taken from the same section trimmed cuspo-cervically, illustrate the appearence of longitudinally sectioned ameloblasts.
In one part of the section (Fig. 1a) , the Tomes' processes have the triangular shape commonly seen in light microscope sections. In another part (Fig. 1b) in the same section, many have a rectangular contour. They are separated from the rest of the ameloblast by the terminal bar. The inner, granular substance of the processes generally stained less with methylene blue than did the remaining cytoplasm.
One side of the triangularly shaped process is often slightly curved, the other usually straight.
The TEM revealed that the ultrastructure of the processes and that of the ameloblasts proper differ distinctly (Fig. 2) . The processes do not contain rough endoplasmic reticulum (rER) nor mitochondria.
The two regions are clearly separated by the terminal web-terminal bar system. Some structures, however, can be observed on both sides of this system, e. g. round electron-dense bodies of various sizes. There are also membrane-bound structures of different sizes and shapes and dipped in the enamel matrix (E). One of the two faces of each triangular process (a) is slightly curved and the other is straight.
The They show increasing electron density from the inner part of the ameloblast to near the surface of the process (asterisk 1, 2 to 3). The enamel matrix also shows increasing density from near the cell surface to the deeper portions of the enamel (E1, E2 to E3). Stippled material situated between the cell membrane and the enamel extends from the tip of the process into the deeper portion of the enamel to form the prism sheath (Ps). TB terminal bar, TW terminal web. Crystallites arranged perpendicularly to the surface can be found only on one side of the triangular process (Fig. 2) , namely on the slightly curved, cervically directed surface (cervical side). On this side, many vesicles with stippled material communicate with the extracellular space, strongly suggestive of secretory activity. The cuspally directed side, however, only rarely showed signs of secretion.
The secretory surface of each Tomes' process is continuous with a small, slightly curved portion of the cervically adjacent ameloblast (Fig. 2) . The crystallites are also arranged perpendicularly to the surface of this small section of ameloblast. Crystallites arranged perpendicularly to the cell membrane appear only on that part of the surface of the process which extends from its tip to the hemi-desmosome situated at the base of the cervically adjacent process (Fig. 2) . Concerning the rectangular process, crystallites can be found only on top of the process itself or on the ameloblast membrane between the processes with perpendicular arrangement to the cell membrane, not on the side wall of the process (Fig. 3) .
The electron density of the organic matrix gradually increases from near the cell surface to the deeper parts of the enamel.
This was also observed along the cuspal side of the triangular process and along the lateral sides of the rectangular one manifesting itself in a tendency of the material to become darker the further away it was from the cell surface.
Crystallites are inclined in a similar manner both along the steep sides of Tomes' process and at the base of each steep side where the membrane of the process continues as that of the ameloblast.
It is at this transition that the membrane is curved and the hemidesmosome can be found (Fig. 2, 3 ).
There is a thin layer containing fine stippled material between the mineralizing front and the cell membrane.
This layer continues on between the young enamel prisms and appears as a lightly stained line extending from the tip of each process into the deeper parts of the enamel.
Scanning electron microscopy After removing the epithelium from the developing enamel, many small Tomes' processes could be seen on the surface of the epithelium facing into the enamel (Fig.  4) . Some of them had been broken off, probably due to mechanical injury during preparation, but others still had a fairly smooth contour.
Each process has one relatively flat, cervically directed face (secretory or S-face) and another more curved, cuspally directed face (nonsecretory or N-face) (Fig. 4, 5) . These two faces meet at the apex of the process creating its curved ridge-like free edge (Fig. 4, 5) . The lower parts of each face and the lateral aspects of the ridges join the ameloblast membrane located between the processes.
The direction in which the S-faces face varies from one group of Tomes' processes to the next (Fig. 8) . The inclination of the N-face to the ameloblast cell body was steeper than that of the S-face.
The surface of the S-face is irregular; hollows of various sizes and shapes indent the otherwise smooth surface (Fig. 5) . Frequently, round, bulb-like structures could be detected in the larger hollows (Fig. 4-6 ). In comparison with the S-face, the N-face is fairly rough but it had neither hollows nor bulb-like structures (Fig. 6 ).
In the areas between the Tomes' processes, occasional large hollows were observed but bulb-like structures were rarely seen (Fig. 4-6 ). The ridges of the processes were often covered with an amorphous material which concealed the contours of the processes (Fig. 4-6) .
In marginal areas of the tooth germ in which the Tomes' processes began to appear and were still growing, the processes looked like small mounds with comparatively large S-faces but small N-faces (Fig. 7) . Since the N-face is small, the inclination of the S-face to the adjoining ameloblast surface is not as steep as in the larger Tomes' processes.
On the whole, the processes in the marginal areas are considerably smaller than the typical ones in the main regions of enamel production and are consequently separated by larger spaces of free ameloblast surface.
DISCUSSION
As seen in Figure 5 , the Tomes' processes resemble obliquely cut cylinders. The flat, crescent-shaped planes (S-face) face the surface of the developing enamel and are directed cervically and occasionally somewhat laterally in groups. BOYDE (1969) and where the two meet. Sometimes two processes directly adjacent to each other without the interposing free surface of an ameloblast (arrow).
In such cases a ridge is continuous with an S-face SKOBE (1976, 1977) examined the surface of the developing enamel and reported that enamel is formed at the apical end of the Tomes' processes, i.e., at the bottom of pits from which the Tomes' process had been removed. The inclination of the N-face to the longitudinal axis of the ameloblast coincides with the longitudinal axis of the prism both in the triangular and the rectangular processes (Fig. 2, 3) . BOYDE (1965) noted that the crystalllites tent to be oriented perpendicularly to the mineralizing front. This is a valuable observation. At the same time he also noticed that crystallites in the tail region of keyhole-shaped prisms do not conform to this pattern of arrangement.
Boyde proposed that this divergence resulted from the stroking effect exerted by the Tomes' process on the mineralizing front.
We have also observed that the inclination of the crystallites on the N-face is apparently not perpendicular to this surface, but all the crystallites on this surface have the same angle with respect to it. The very same angle appears at the base of the Tomes' process where the free surface of the ameloblast is confluent with the N-face and where the halfdesmosome is located.
Up to now, it has been generally accepted that the enamel prism is formed by the entire surface of the Tomes' process which secrets organic ground substances.
However, in view of the present findings, this may no longer apply to the N-face. It would seem impossible that crystallites are formed simultaneously along N-face both near the tip of the process and close to its base. The N-face is parallel to the axis of the prism as a whole. When crystallites are formed at the base of the process, they slide along the N-face and finally pass the tip region of the process as a result of lateral moving of ameloblasts. The crystallites along the N-face should therefore be considered as only passing from the base to the tip of the process. The prism itself is formed by the secretory surface which includes the plane extending from the ridge of the process to the region at the base of the N-face directed cervically where the half-desmosome is located (Fig. 2, 9, 10) . The S-face of the present study corresponds to the type-1 face described Fig. 9 . Schematic drawing of the three dimensional form of Tomes' processes and their relationship to crystallite arrangement in a prism. As a whole, the process looks like a diagonally cut column with a flat surface (S-face: S) and a curved one (N-face: N). Crystallites are produced only on the S-face (area I), the free surface of the ameloblast (area II), and in the base region of the cervically adjacent N-face (area III). Since this scheme was constructed on the assumption that the S-face is flat, crystallites in the head region of the prism (H) are arranged parallel to the prism axis. T tail region of the prism.
by KALLENBACH (1977 The S-face is situated at right angles to the longitudinal axis of the prism (as seen in Fig. 9 ) and as long as the S-face is flat, the longitudinal axis of crystallites above this surface is oriented parallel to the prism axis. The axis of the crystallites rotates gradually so that the crystallites above the ameloblast surface are oriented parallel to the axis of the particular ameloblast itself (area II in Fig. 9 ). The axis rotates further at the cervical extent (area III in Fig. 9 ) of the S-face. Thus the angle at which the crystallite axis deviates from the prism axis increases from cuspal to cervical. The schematic representations (Fig. 9, 10 ) depict the relationship between the angle devergence of crystallites in enamel and the corresponding secretory surfaces described in the literature; the arrangement of apatite crystallites along the external portions of a prism or between the prism and the interprismatic substance differs from that in the center of a prism (HELMCKE, 1960; POOLE and BROOKS, 1961; RONNHOLM, 1962; HELMCKE et al., 1963; BOYDE, 1965; MECKEL et al., 1965a, b; HELMCKE, 1967) . This cuspo-cervical scheme (Fig. 10) suggests that the surface contour of the S-face plays an important role in determining the arrangement of crystallites in the head region of prisms and that the angle of the N-face to the ameloblast surface is also important in determining the angle of inclination of the prisms to the developing enamel surface. In a prism sectioned cuspo-cervically, apatite crystallites fan out from the prism axis in the head region (POOLE and BROOKS, 1961; HELMCKE et al., 1963; MECKEL, et al., 1965a, b; HELMCKE, 1967) . This characteristic arrangement of crystallites in a prism is due to the concavity of the S-face (compare the prisms in Figure 10 ).
From this point of view it can be said that the crystallite arrangement in a prism represents the fossilized shape of the Tomes' process during amelogenesis.
The pattern revealed in cross sectioned prisms was classified by BOYDE (1965, 1969) . We suggest that the differences seen between pattern 2 and 3 in Boyde's Fig. 10 . Diagram of ameloblasts and Tomes' processes with two types of S-faces, flat and concave, and their relationships to crystallite arrangement in prism. As KALLENBACH (1977) showed, the S-face of a Tomes' process is composed of cell membrane from two ameloblasts. Crystallites formed on the flat S-face (left in this figure) are arranged parallel to the prism axis in the head region of the prism (H), just as in Figure 9 . On the other hand, crystallites formed on the concave S-face (right) are not arranged parallel to the prism axis, but show a characteristic fanning out from the prism axis. The inclination of crystallite axes along the boundary between prisms (arrow) changes abruptly. classification might be due to the spacial orientation of the Tomes' processes. Where all S-faces in a given area are directed cervically, the prisms will be arranged alternatively, corresponding to Boyde's pattern 3, and show the typical keyhole shape in cross section. The S-face, however, is not always uniformly cervically directed. Occasionally, within an area of Tomes' processes whose S-face is cervically directed, one can find a group of somewhat laterally oriented processes (Fig. 8) .
Recently we (WAKITA, 1980, WAKITA and KOBAYASHI 1980a, b) described the same situation in the dog and proposed that the orientation of the S-face of the Tomes' processes is related to the nature of the Hunter-Schreger bands. In such cases the row of cross sectioned prisms will appear parallel to each other (BOYDE'S pattern 2, 1965). This represented in figure 11 . This scheme suggests that the variation in prism pattern is due to differences in the orientation of the S-faces. Therefore, prism pattern might not be an entirely reliable taxonomic criterion.
The shapes and sizes of the prisms should also be taken into consideration. Recently KOZAWA (1978) showed that prism arrangement as well as size and shape were useful parameters in his study of Proboscidean evolution.
